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The multiphoton ionization of neon atoms was studied in the focus of the soft-x-ray free-electron laser

FLASH by photoion spectroscopy. The photon energy was chosen in the range of Ne+ 2p→n� resonances

between 41 and 42 eV. The experiments were performed at the PG0 branch of the FLASH monochromator

beamline while measuring the spectral distribution of every single FLASH pulse. By correlating the ratio of

doubly and singly charged neon ions generated and the measured photon energy distribution, the enhancement

of this ratio due to resonant Ne+ excitation was found.
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I. INTRODUCTION

With the advent of new powerful soft-x-ray sources based

on free-electron laser �FEL� �1,2� and high-harmonic genera-

tion techniques �3�, multiphoton processes can be studied for

the first time also at photon energies above ionization thresh-

olds. In contrast to conventional laser sources for optical

radiation, the new soft-x-ray lasers can also access inner-

valence and core-level electrons. Thus, all advantages of core

level spectroscopy, e.g., its site and element specificity, can

now be combined with the potentials of multiphoton pro-

cesses, e.g., the study of fast dynamical processes by pump-

probe spectroscopy. An outstanding feature in core-level

spectroscopy are resonant inner-shell excitations, because

they can increase the core-level photoionization cross sec-

tions quite dramatically. Furthermore, they open a way to

obtain a chemical contrast or to excite, in a complicated mul-

tiatom system, a well-defined site.

The importance of inner-shell contributions and resonant

core-level excitations to multiphoton processes is still an

open question �4,5�. Sorokin et al. �5� showed that, in the

case of the Xe 4d-�f continuum resonance, more than 50

photons may be absorbed within 10–20 fs resulting in highly

charged Xe ions. Current theoretical models do not give a

satisfying description for these experimental findings �6,7�.
However, two recent theoretical studies on the two-photon

ionization of neon by Hamonou et al. �8,9�, using the

R-matrix approach, have pointed out the importance of inner-

shell electron correlation and emission processes on multi-

photon ionization in the soft-x-ray regime. The two-photon

ionization cross section, e.g., depends strongly on the chosen

configuration interaction basis for the target states or the po-

sition of two-photon resonances �8�.
In order to perform resonant core-level spectroscopy and

hit a resonant state, a well-defined photon energy is manda-

tory. However, the photon energy distribution of FEL radia-

tion based on self-amplified spontaneous emission, i.e., a sta-

tistical process, is strongly varying from shot to shot. At

FLASH, this disadvantage can be overcome, e.g., by using

the FLASH plane grating monochromator. This would, in

fact, strongly reduce the available photon density and the

probability of multiphoton and nonlinear processes. Hence,

we have chosen another possibility in the present study: it is

the measurement of the spectral distribution for each indi-

vidual FEL pulse and the correlation of the acquired photo-

ionization data with these spectra.

II. EXPERIMENTS

To realize our experiment, we have used the so-called

PG0 beamline of the Free-electron LASer in Hamburg

FLASH. As demonstrated in Fig. 1, it represents a special

branch of the FLASH plane grating monochromator beam-

line �10�. At the PG0 beamline, it is possible to use the

zero-order light from the grating to perform an experiment

and to acquire simultaneously the spectral information for

each single FLASH pulse in the first order at the so-called

PG2 branch.

For our experiments, FLASH was operating in the single

bunch mode with a mean photon energy in the range from

41.4 to 41.5 eV, i.e., just above the Ne+
→Ne2+ ionization

threshold at 41.0 eV �11�. The FEL spectra were recorded on

a single-shot basis by using a Ce-doped YAG crystal to con-

vert the soft x rays into visible light and an Andor Intensified

CCD �ICCD� camera system, mounted in the dispersion
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FIG. 1. �Color online� Experimental setup at the PG0 beamline.

The photoionization experiment using an ion TOF spectrometer is

performed by taking the undispersed light in the zero order of the

grating, whereas the first-order light is recorded by a Ce:YAG crys-

tal and an ICCD camera at the position of the exit slit of the PG2

branch to monitor the spectral distribution of the FEL pulses.
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plane of the PG2 monochromator beamline. The photoion-

ization experiments were performed in the zero-order PG0

branch using an ion time-of-flight �TOF� mass spectrometer

described elsewhere �12�. Within the PG0 branch, the undis-

persed FEL beam was focused by a toroidal mirror with a

focal distance of 0.5 m down to a focal spot size of about

40�58 �m2 �13�. The spot area was measured using the

method described in Ref. �12�, whereas the shape of the spot

was taken from ray-trace calculations.

We accumulated the data of 3000 single FLASH pulses

and retrieved the number of photons from the FLASH gas-

monitor detectors �14�, the mean photon energy, and the rms

of the photon energy from the ICCD spectra, and the strength

of the Ne+ and Ne2+ signals using the ion TOF. The neon

pressure in the ion TOF chamber was about 10−6 hPa. The

TOF data were taken by means of a fast digitizer card �Ac-

qiris DP282� by digitizing directly the signals from an open

electron multiplier. All data were sent to the FLASH data

acquisition system and stored in ROOT files.

III. RESULTS AND DISCUSSION

In Fig. 2, the ratio of Ne2+ to Ne+ is depicted as a function

of the photon exposure. As shown by Sorokin et al. �15�,
for moderate photon exposure levels below 5

�1016 photons /cm2, the ratio of the Ne2+-to-Ne+ signals

shows a linear dependence, explained by the photoionization

sequence Ne→Ne+
→Ne2+. From the slope of this ratio, the

absolute cross section for the second step, i.e., the Ne+

→Ne2+ ionization, can be derived by data fitting. In our case

the fit value amounts to 3.1�1.1 Mb. This is comparable to

the result of Covington et al. �11� obtained at the Advanced

Light Source for the photoionization of a Ne+ ion beam at the

photon energy of 41.2 eV, where a cross section of 4.45 Mb

was measured.

At the photon exposure levels we have applied for our

experiments, the Ne2+ signal was rather low and the signal-

to-noise ratio comparably high. However, the scatter of the

single pulse measurements around the fit curve in Fig. 2 is

much larger than expected. This large scatter in the

Ne2+-to-Ne+ ratio can be explained by the scatter in the ex-

citation energies. Simultaneous measurement of the photon

energies shows that these energies cover a range just above
the Ne+ threshold where a series of Rydberg excitations into
Ne+ 2s22p4�1D2�n� states was observed by Covington et al.
�11�. From Fig. 3 one can see that Ne+ created by a first
photon may be further ionized in a sequential process via
resonance states if the photon energies are above 41.5 eV
leading, finally, to Ne2+. In Fig. 3, the data of Covington et
al. are shown together with two typical FLASH pulses. The
photon energy jitter of FLASH and the rms energy width are
on the order of 1%, respectively. Hence, an excitation in the
energy range from 41.2 to 41.7 eV might result in an excita-

tion just below the resonances �low energy FEL peak� or a

strongly resonant excitation �high energy FEL peak�, with

strong consequences for the creation of Ne2+.

To prove this idea, we have correlated the Ne2+-to-Ne+

ratio with the photon energy measured at the PG2 branch. In

Fig. 4, the photon-energy-dependent ratio is depicted for a

constant photon exposure of 3�1016 �photons /cm2� /pulse

�low energy area in Fig. 2�. The photon energy is given by

the upper edge of the photon energy spectrum of each indi-

vidual pulse, which is defined as the mean photon energy

plus the rms energy width of the photon pulses. The data

were binned with respect to the photon energy and the error

bars for the photon energy are given by the width of these

bins.

Figure 4 obviously confirms our idea that the strong scat-

ter in Fig. 2 is due to the photon energy jitter of FLASH and

FIG. 2. �Color online� Ne2+-to-Ne+ ratio for different photon

exposures. The solid lines represent model curves which correspond

to Ne+
→Ne2+ cross-section values of �=3.1 �red�, 1, and 7 Mb

�blue�.

FIG. 3. �Color online� Ne+ spectrum taken from Ref. �11�. The

shaded Gaussian profiles show two typical FLASH pulses with dif-

ferent mean photon energies. The energy positions correspond to

the nonresonant and the resonant areas in Fig. 4.

FIG. 4. �Color online� Ne2+-to-Ne+ ratio as a function of the

mean exciting photon energy of FLASH for a photon exposure of

3�1016 photons /cm2. For photon energies above 41.4 eV, an en-

hancement by a factor of 2 is found.
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a resonant enhancement of the Ne2+-to-Ne+ ratio for photon
energies beyond 41.45 eV. The ratio strongly increases by a

factor of 2 from 0.037 to 0.075 in the photon energy range

from 41.38 to 41.52 eV.

In principle, for a resonant excitation, one would expect a

much larger effect. However, the typical photon energy

bandwidth of FLASH is on the order of about 1%, i.e., 0.4

eV, whereas the typical resonance width is on the order of 5

meV. Thus, due to this bandwidth mismatch, only a small

part of the FLASH radiation will excite a resonance with,

however, usually a much larger cross section. At a resolution

of 22 meV, Covington et al. gave a cross section around 55

Mb for the strong n=6 resonance at 41.65 eV, compared to

4.45 Mb nonresonant cross section. Thus �22 /400=5.5% of

a FLASH pulse will excite the resonance with a 12 times

larger cross section. This results in a Ne2+ signal resonantly

enhanced by almost 70%. Taking into account the other reso-

nances, this is in excellent agreement with our results of a

factor of 2 shown in Fig. 4.

Figure 5 summarizes the possible photoionization path-

ways that may lead to the resonant or the nonresonant gen-

eration of Ne+ and Ne2+ states. In all cases, they start with

the dominating linear one-photon 2p single ionization

Ne→Ne+ �1�. If followed by a corresponding Ne+
→Ne2+

process �2a�, it represents, on one hand, our nonresonant

case of Ne2+ generation for photon energies below 41.45 eV.

If, on the other hand, a resonant 2s22p4�1D2�n� state is

excited at photon energies above 41.45 eV �2b�, the latter

may decay via autoionization to Ne2+ with a lifetime of about

130 fs which results from the corresponding linewidths of

5.1 meV �11�. However, since the lifetime of the excited

2s22p4�1D2�n� resonance states is by a factor of 5–10

longer than the FLASH pulse duration on the order of

20–40 fs around 40 eV photon energy �16�, the absorption

of a third photon at photon exposures from 1016 to

1017 �photons /cm2� /pulse becomes probable as well. Most

likely, the excited n� electron should be affected, which may

be further excited into the continuum leading to Ne2+ �3a� or

de-excited leading to the stimulated emission of a photon and

the population of the Ne+ ground state �3b�.
The stimulated emission of a photon represents a process

of particular interest. With a photon exposure of 3

�1016 �photons /cm2� /pulse and a resonant cross section of

around 50 Mb, the resonant excitation or de-excitation

probability amounts to already 100%. In the present experi-

ment, due to the bandwidth overlap of about 6%, the reso-

nant absorption probability of a photon, however, is reduced

to 10%. For larger photon exposures, above

1017 �photons /cm2� /pulse, which can be reached by using,

e.g., multilayer focusing optics, the absorption probability

will increase and also the stimulated emission should be of

considerable significance. Such a process has never been ob-

served, so far, in the soft-x-ray regime. Rohringer and Santra

discuss stimulated photon emission in a recent theoretical

work on Ne 1s→3p excited states �17�. The process would

considerably affect the rate equations for the generation and

the annihilation of ion species by photoabsorption, which

might be experimentally observed by their signal dependence

on photon exposure and irradiance beyond the depletion re-

gime.

In view of future experiments, we have further analyzed

this behavior by solving the corresponding rate equations for

the resonant and the nonresonant case in a simplified model

taking into account processes 1, 2a, 2b, and 3b from Fig. 5.

For the nonresonant case, the photoionization is described by

the cross sections �01 and �12 for processes 1 and 2a, respec-

tively. In terms of the photon exposure Hph, which is the

photon number per unit area, the corresponding rate equa-

tions are given by

dn+

dHph

= �1 − n+ − n2+��01 − n+�12,

dn2+

dHph

= n+�12. �1�

nq�Hph�, the photon-exposure-dependent numbers of ion spe-

cies q, is normalized to the initial number of targets, respec-

tively. The solutions of this set of differential equations are

n+ =
�01�e

−�01x − e−�12x�

�12 − �01

,

n2+ =
�12 − �01 − �12e

−�01x + �01e
−�12x

�12 − �01

, �2�

which are depicted in Fig. 6 �red lines� for experimentally

obtained cross sections �01=8.2 Mb �18� and �12=7 Mb

�11�.
For the resonant case, the set of differential equations �1�

has to be extended to take into account the de-excitation

process due to the stimulated emission. In a simple model,

this can be done by adding a term n2+�21 with �21 being the

cross section for the stimulated emission process 3b,

FIG. 5. �Color online� Excitation scheme for resonant multipho-

ton processes in Ne. A first FLASH pulse will ionize Ne atoms to

Ne+ �1�. Further photons will excite resonantly a further 2p electron

into 6� states �2b� with a typical lifetime of 130 fs. Within the FEL

pulse duration of 20–30 fs, FEL photons might induce an emission

process �3b�.
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dn+

dHph

= �1 − n+ − n2+��01 − n+�12 + n2+�21,

dn2+

dHph

= n+�12 − n2+�21. �3�

In Fig. 6, the solution of this set of differential equations is

depicted by the black lines. For comparability, in this model

the cross section �21=�12=7 Mb was chosen as in the non-

resonant case.

For high photon exposures, the resonant pump cycle has,

in particular, a dramatic effect on the Ne2+-to-Ne+ ratio. In

the nonresonant case the Ne+ ions will be directly ionized to

Ne2+ and the Ne+ target will be depleted. Finally, all atoms

will be doubly or even higher ionized. In the presence of a

long-living resonance state, however, the behavior is differ-

ent. The excited Ne+ ion is de-excited by a further FEL pho-

ton back to the ground state by stimulated emission. There-

fore, within the FEL pulse duration of a few 10 fs, the

ground and the excited states are equally populated, which

results in the same amount of Ne+ and Ne2+ ions. In this

simple resonant model the absolute value of the resonant

cross section �21=�12=55 Mb will have the same result at
high photon exposures. A more elaborate model including all
possible channels as has been done by Markis and Lam-

bropoulos �19� for the nonresonant case should be developed

to analyze the stimulated emission process in full detail.

Such a model should also include the time structure of the

photon pulse. For short pulses, as in the current experiment,

when the photon pulse is much shorter than the lifetime of

the resonant state, the lifetime has only a minor influence on

the Ne2+-to-Ne+ ratio. However, in the limit of long pulses

due to the decay of the resonant state into Ne2+, finally, all

atoms will be doubly ionized. Thus, the ratio of doubly and

singly ionized atoms will depend not only on the photon

exposure, but also on the time structure of the photon pulse.

In future experiments, we will concentrate on this point.

IV. SUMMARY

We have studied the resonant multiphoton ionization of

Ne atoms in the vicinity of Ne+ inner-valence level reso-

nances between 41 and 42 eV photon energies using highly

intense free-electron laser radiation and photoion spectros-

copy. For all spectra, also the spectral distribution of the FEL

pulses was recorded simultaneously by using a special option

of the FLASH plane grating monochromator beamline. By

correlating the measured Ne2+-to-Ne+ ratio with the mean

photon energy for each single FLASH pulse, a strong photon

energy dependence of the ion ratio was found. The observed

enhancement is attributed to resonant two-photon excitation

into Ne2+. Taking into account the bandwidth difference be-

tween the FEL radiation and the resonance, the observed

effect is in excellent agreement with the available cross-

section data. For future experiments, we have, in addition,

modeled the influence of stimulated photon emission from

the excited resonance states on the photoion distribution.
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